Four endochitinases (poly [1,4-(N-acetyl-j8-D-glu samlnide)J glycanohydrolase, EC 3.2.1.14) have been purified from leaves of Niotiana tabacum cv. Samsun NN reacting hypersensitively to tobacco mosaic virus. Two of them are acidic proteins of molecular weights 27,500 and 28,500 and have been identified as 2 ofthe 10 pathogenesis-related proteins that are known to accumulate in tobacco in response to stress or pathogen attack. These two pathogenesis-related proteins, named "P9 and "Q" when their biological function was unknown, account for one-third of tobacco mosaic virusinduced chitinase activity of tobacco leaves. They are serologIcally closely related to the two other chitinases, which can be considered as new basic pathogenesis-related proteins. These two basic chitinass exhibit higher molecular weights (32,000 and 34,000) and higher specific enzyme activity than the two acidic isoforms. treatment with salicylic acid (27) or TMV infection (28), in agreement with the rapid de novo synthesis of PR-proteins, which has been demonstrated in TMV-infected tobacco leaves (29). Similarly, treatment ofcell suspension cultures of parsley with a fungal elicitor resulted in a rapid increase in the transcription rate of two .
named "P9 and "Q" when their biological function was unknown, account for one-third of tobacco mosaic virusinduced chitinase activity of tobacco leaves. They are serologIcally closely related to the two other chitinases, which can be considered as new basic pathogenesis-related proteins. These two basic chitinass exhibit higher molecular weights (32,000 and 34,000) and higher specific enzyme activity than the two acidic isoforms. treatment with salicylic acid (27) or TMV infection (28) , in agreement with the rapid de novo synthesis of PR-proteins, which has been demonstrated in TMV-infected tobacco leaves (29) . Similarly, treatment ofcell suspension cultures of parsley with a fungal elicitor resulted in a rapid increase in the transcription rate of two PR-protein genes (30) .
In spite of the great wealth of data available on PRproteins, thus far no biological function has been demonstrated for these proteins. Here we report on the catalytic activity of two of them that are acidic chitinases (namely, proteins PR-P and PR-Q). We have purified and characterized two other basic chitinases from tobacco leaves reacting hypersensitively to TMV. These two basic isoforms can be considered as new PR-proteins of tobacco. Serological relationships between all four chitinases of tobacco have been demonstrated.
Upon infection of plants with viruses (1) (2) (3) (4) (5) (6) , viroids (4, 7) , fungi (4, 8) , or bacteria (9) , the development of symptoms is accompanied by the accumulation of soluble host-encoded proteins. Such proteins were first detected in tobacco cultivars reacting hypersensitively to tobacco mosaic virus (TMV) (1, 2) but now have been found in 16 plant species (10) under various circumstances. Since their appearance at first could only be related to pathological conditions, they were named "pathogenesis-related" proteins (PR-proteins) (11) . However, several PR-proteins appear spontaneously in healthy tobacco plants when they start to flower (12, 13) and in tomato leaves during natural aging (4) , and they are expressed constitutively in interspecific hybrids of tobacco (14) . They can also be induced by plasmolysis (15) , by the application of a variety of chemicals (16, 17) , or by high concentrations of plant hormones (18) .
PR-proteins have characteristic properties that aid in their detection: they are selectively extractable at low pH (19, 20) , highly resistant to proteolytic enzymes (21, 22) , localized predominantly in the intercellular spaces (23) , and easily resolved by electrophoresis in polyacrylamide gels under native conditions. In tobacco, 10 major PR-proteins can be detected (13, 21) and are referred to as proteins PR-la, -lb, -1c, -2, -N, -0, -P, -Q, -R, and -S in order of decreasing mobility upon electrophoresis in gels. They recently have been purified and characterized (refs. 11 and 24; S.K., unpublished data).
The complete amino acid sequence of protein PR-pl4 from viroid-infected tomato has been established and shown to be closely related to protein PR-la of tobacco (25) . This allowed the identification of cDNA clones of mRNA for proteins PR-la, PR-lb, and PR-lc (26) . By using these clones as probes, the amount oftranslatable mRNA for proteins PR- 
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The protein fraction unadsorbed on CM-cellulose was dialyzed successively against water and 20 mM Tris-HCI (pH 8.0) (twice with 5 liters of each) and loaded on a DEAEcellulose column (4.8 x 10 cm). Elution was performed with a NaCl gradient obtained by mixing 0.5 liter of 20 mM Tris-HCI (pH 8.0) with 0.5 liter of 0.4 M NaCI in the same buffer. Active fractions were pooled and dialyzed against water, and 25 mM 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl) -1,3 -pro-panediol (Bistris; pH 7.4) was filtered and injected onto a Mono P HR 5/20 column (Pharmacia). Elution was performed with a pH gradient generated in the column by a Polybuffer solution (Pharmacia) adjusted to pH 4.0 with HCl and yielded purified acidic forms of chitinase.
Polyacrylamide Gel Electrophoresis and Staining. Electrophoresis under denaturing conditions was performed on slab gels by the method of Laemmli (31) with a 5% stacking gel and a 10%o separating gel. The same system was used for native basic gels, except that the NaDodSO4 was omitted and a 10%6 polyacrylamide gel was used as the resolving gel. For native acidic gels, the pH ofresolving gel and reservoir buffers was adjusted to 5.0 (32) , and the resolving gel was 8% polyacrylamide.
Gels were fixed for 15 min in methanol/acetic acid/water, 45:10:45 (vol/vol), then stained for 20 min with 0.15% (wt/vol) Coomassie brilliant blue Serva G-250 in the same mixture, and destained overnight in methanol/acetic acid/ water, 5:7.5:87.5. In some cases gels were subsequently stained with silver by the method of Morrissey (33), except that the fixation in glutaraldehyde was omitted.
Chitinase Assay. Endo-and exochitinase activity was measured by a colorimetric assay (34) . Before being used as substrate, chitin powder (Sigma) was washed three times with buffer to decrease the blank value of the enzymatic test. The reaction mixture contained 0.5 mg of washed chitin and various volumes ofenzymatic solution in a final volume of0.5 ml of 0.1 M sodium acetate (pH 5.2). The mixture was incubated on a test tube rotator at 37°C for 1 hr. After incubation the tubes were centrifuged at 10,000 x g for 30 min. For the determination of endochitinase, 0.3 ml of the supernatant was incubated at 37°C with 0.02 ml of 3% (wt/vol) snail gut enzyme (Cytohelicase, IBF, Villeneuve-LaGarenne, France) to hydrolyze the chitin oligomers. The resulting GlcNAc was determined as described by Reissig et al. (35) with the following modifications. Potassium tetraborate (0.6 M; 0.1 ml) was added to the tubes before heating for 3 min in a boiling water bath. After cooling, 1 ml of the reagent diluted 1:2 with glacial acetic acid was added. The reagent stock solution contained 10% (wt/vol) 4-(dimethylamino)benzaldehyde (Aldrich) in glacial acetic acid/11.5 M HCl, 87.5:12.5 (vol/vol). Standards of GlcNAc in buffer and enzyme or substrate blanks were included. Since the amount of reaction product was not a linear function of enzyme concentration (34), a dilution series of the enzyme (each in duplicate) was tested, and the activity was calculated for enzyme concentration approaching zero. A katal (kat) was defined as the enzyme activity catalyzing the formation of 1 mol of GlcNAc (or its equivalent) per sec. For the exochitinase assay, the incubation with helicase was omitted, and the amount of GlcNAc was estimated in 0.3 ml of the supernatant obtained after centrifugation of the reaction mixture as described above.
Production of Sera. Proteins PR-P and PR-Q extracted and purified to homogeneity as described (24) were administered (1.75 mg each) to rabbits in six intramuscular injections. Ten days after each boost, immunization serum was collected, clarified by centrifugation, and stored at -20°C.
Immunoblotting. The basic procedure of Towbin et al. (36) was used for transfer except that ethanol replaced methanol in the electrode buffer. For immunodetection the blots were soaked for 30 min at 37TC in 3% bovine serum albumin/phosphate-buffered saline (20 mM phosphate/150 mM NaCI/3 mM KCl, pH 7.4) to saturate additional binding sites. They were then incubated overnight at room temperature in rabbit antiserum diluted 1:10,000 with phosphate-buffered saline containing 0.05% Tween 20 and 3% bovine serum albumin. The sheets were washed four times with phosphate-buffered saline containing 0.05% Tween 20 for 10 min each and incubated for 4 hr at room temperature in the same buffer containing phosphatase-conjugated goat anti-rabbit IgG (Sigma) at 1 Ag/ml and 3% bovine serum albumin. After washing as above, the blots were soaked in 0.005% 5-bromo-4-chloro-3-indolylphosphate (Aldrich)/0.01% nitro blue tetrazolium chloride/1 mM MgCl2/0.1 M diethanolamine, pH 9.6 (37).
The reaction was terminated by washing with water, and the sheets were stored dried.
RESULTS
Induction of Chitinase Activity in TMV-Infected Tobacco Leaves. Chitinase activity increases dramatically in tobacco leaves during the hypersensitive response to TMV (Fig. 1) . Enzyme activity was low in healthy leaves but increased at the time of appearance of symptoms on inoculated leavesi.e., about 36 hr after inoculation. Chitinase activity reached a 40-fold increase by day 7 of infection. This time course of induction is similar to that described for cucumber chitinase upon infection with tobacco necrosis virus (38) .
Purification and Properties of Tobacco Chitinases. Tobacco leaves bearing necrotic lesions were harvested 6 days after inoculation and extracted at pH 5.2, and chitinases were purified as described herein. Four distinct active fractions were obtained. The two chitinases that bound to CMcellulose during the purification procedure will be referred to as basic chitinases, and the two unbound forms will be referred to as acidic chitinases. These four isoforms were the only ones that could be detected by assaying all 1-4) have been electrophoresed on polyacrylamide slab gels under denaturing conditions as in Fig. 2 . After electrophoretic transfer onto nitrocellulose sheets, the proteins were immunodetected with sera raised against proteins PR-P and PR-Q or were stained (lane S) with amido black. NaDodSO4/polyacrylamide gels (Fig. 2) . When stained, the chitinases of each of the different active fractions appeared homogenous and displayed slightly different electrophoretic mobilities. The molecular weights of the four proteins were estimated by comparison of their mobilities with that of proteins of known molecular weight. Values of 27,500 + 1,000 and 28,500 ± 1,000 were found for the acidic chitinases, and values of 32,000 ± 1,000 and 34,000 ± 1,000 were found for the basic isoforms.
The molecular weights of the acidic chitinases and their chromatographic behavior on different supports (data not shown) indicated that they had properties similar to those of proteins PR-P and PR-Q of tobacco (24) . The comparison of their mobilities upon electrophoresis on native basic gels with those ofthe known PR-proteins selectively extractable at low pH provided further evidence that the proteins that have been called PR-P and PR-Q are in fact the two acidic chitinases (Fig. 3A) . Moreover, proteins PR-P and PR-Q extracted at pH 2.8 and further purified to homogeneity by a procedure previously described (24), displayed chitinolytic activity.
As was the case for the two acidic chitinases separable on basic native polyacrylamide gels, the two basic chitinases can be separated by electrophoresis on acidic gels (Fig. 3B) . Electrophoresis at low pH should prove to be a useful technique to detect new basic PR-proteins.
Serological Relationships Between the Four Chitinases of Tobacco. Antisera were raised in rabbits against the two purified proteins PR-P and PR-Q. Their cross-reactivity with the four chitinases was studied by immunoblotting (Fig. 4) . All four chitinases were strongly recognized by the antisera. These sera were highly specific to the four chitinases that were the sole proteins recognized in a crude extract from tobacco leaves (lanes C of Fig. 4) . The serological reactivity with the purified acidic chitinases is in agreement with their identification as proteins PR-P and PR-Q. Moreover, the recognition ofthe basic isoforms by both sera demonstrates that, in spite of marked differences in charge and molecular weight, all four chitinases of tobacco show common antigenic sites.
Enzymatic Activity of the Different Proteins. The specific activity of each of the four chitinases has been measured on the enzymes purified to homogeneity (Table 1 ). In each case the amount of enzymatic protein was estimated by the method of Bradford (39) . No exochitinase activity could be detected in the purified preparations and, thus, the four isoforms are endochitinases. Contributions of each form both to total chitinase activity and to total amount of proteins with chitinase activity have been estimated. The values of specific activity of the two basic chitinases were the same and were 5-to 6-fold higher than those of the acidic isoforms. However, the latter accounted for about 75% of the total amount of the four enzymatic proteins and for one-third of total chitinase activity. Chitinase 3, which represented 20% of the enzymatic proteins, accounted alone for about half of total chitinase activity of tobacco leaves. Chitinase activity was measured as described. Of the initial chitinase activity, 40% was recovered in the purified enzyme preparations. Protein was estimated with the Bradford assay (39).
*Amounts are expressed on a fresh-weight basis. tRelative activities are expressed by taking the total activity of the four chitinases as 100%. 
DISCUSSION
We have shown that four chitinases, two acidic forms with low isoelectric points and two basic ones with high pI values, are produced upon infection of tobacco hypersensitive to TMV. The four enzymatic proteins have been purified to homogeneity and characterized. They are separable by electrophoresis under native conditions at suitable pH and have different electrophoretic mobilities in NaDodSO4/polyacrylamide gels. Their molecular weights were estimated to be 27,500 ± 1,000 and 28,500 ± 1,000 for the acidic isoforms and 32,000 ± 1,000 and 34,000 ± 1,000 for the basic isoforms of chitinase. While this manuscript was in preparation, Shinshi et al. (40) described the purification of two basic chitinases from cultured tobacco tissues with the same molecular weight values as those reported here for the basic chitinases from TMV-infected tobacco leaves. The four isoforms of tobacco leaves have common antigenic determinants because the sera raised against the proteins PR-P and PR-Q recognized the four enzymatic proteins in blotting experiments. Although some observations suggest that acidic and basic forms of chitinase may occur in cucumber (38) and tomato (41) , the chitinases purified and characterized so far all are basic proteins (35, (40) (41) (42) . Recently the genes encoding chitinases from bean (43) and tobacco (40) have been cloned.
Several lines of evidence show that the two acidic chitinases from tobacco are, in fact, proteins PR-P and PR-Q: (i) the acidic chitinases and the two PR-proteins displayed the same chromatographic behavior on different supports, (it) the molecular weight values estimated for the enzymatic proteins purified to homogeneity were the same as those measured for the two purified PR-proteins, (iil) on native gels the purified enzymes displayed electrophoretic mobilities characteristic of PR-P and PR-Q, (iv) the antisera raised against purified proteins PR-P and PR-Q cross-reacted with the purified enzymatic proteins, and (v) proteins PR-P and PR-Q extracted and purified by a procedure adapted to PR-proteins displayed chitinase activity.
Different functions have been proposed for these PRproteins. PR-protein P was thought to be a peroxidase (23) but, at least in our material, peroxidase is present only in minor quantity comigrating with proteins PR-P and PR-Q after direct electrophoresis of crude extracts on native polyacrylamide gels. This contaminant is eliminated by further purification of PR-proteins (M.L., unpublished data). The possibility that proteins PR-P and PR-Q of tobacco might be chitinases has already been examined by Pierpoint (44) . He observed that these proteins adsorbed onto chitin columns. But he detected no significant chitinolytic activity in the fractions eluted from the affinity column and, therefore, concluded that the interaction of proteins PR-P and PR-Q with chitin was nonspecific (13) .
In view of our finding, it is satisfying to note certain common properties between PR-proteins and chitinases that have been studied separately by others. They are both induced by ethylene, by pathogen attack, by biotic and abiotic elicitors, and systemically by local necrosis. The production of PR-proteins has been found to be associated with increased resistance to viruses (3, 10, 14, 27) , but direct evidence for a role of these proteins in resistance to viral multiplication has never been found. It has been proposed that chitinases are direct defense enzymes of plants against pathogens because they have been shown to be capable of attacking cell walls of fungi and bacteria (34, 45) .
The two basic isoforms of chitinase accumulate in intercellular spaces (M.L., unpublished data) as do the classical PR-proteins (23); thus, basic and acidic chitinases are excreted across the cell wall. This favors the hypothesis of a role of these enzymes in defense, since intercellular spaces represent common sites of attack by many plant pathogens. However, the role of chitinases in systemic acquired resistance, which develops in virus-infected tobacco against fungi and bacteria, remains to be demonstrated. Another glucanhydrolase, 1,3-/3-glucanase, has been implicated in the lysis of fungal cell wall and has been shown to be induced in parallel with chitinase in various situations (40, 46, 47) . Preliminary work indicates that other PR-proteins of tobacco have 1,3-,f-glucanase activity and suggests that the stimulation of glucanhydrolase activities is a general response of plant to stress and pathogen attack.
